The effect of propionic acid on fermentation and aerobic stability of whole-plant maize silage was evaluated using laboratory silos. Whole-plant maize silage was treated with 2 l/tonne propionic acid; silage with no additives served as the control. The results showed that application of a low rate of propionic acid could infl uence the ratio of organic acids and reduce NH 3 -N in fermentation and improve aerobic stability by 40 h in maize silage. It also accelerated yeast multiplication at the early stage of fermentation but restricted it at the late stage.
INTRODUCTION
High level of propionic acid (1 to 2% of the DM) have been benefi cial in controlling silage fermentation, the main effects are improved bunk life, aerobic stability and reduced DM losses, but a high percentage of acid often restricts fermentation (McDonald et al., 1991) . Furthermore, the cost of adding suffi cient propionic acid is relatively high and usually is not cost-effective. Propionic acid added at low rates did not affect fermentation, but was effective in the reduction of heating in silage (Kung et al., 1998) . However, most studies evaluated the effects on fermentation end-products, data are lacking on the fermentation process itself.
Aerobic stability of maize silage can be a major problem for farmers particularly in warm weather (Muck, 2004) . The two most effective products for increasing aerobic stability of maize silage are propionic acid and Lactobacillus buchneri inoculant. The mechanisms by which Lactobacillus buchneri improves aerobic stability are still unclear. Propionic acid and its salts are worth considering as silage additives. Thus, the objective of this study was to evaluate a low application rate of propionic acid on fermentation and aerobic stability of maize silage.
MATERIAL AND METHODS
Whole-plant maize was harvested during the dough-dent stage of maturity at about 27% DM (Table 1 ). The plant was cut by a conventional forage harvester to a length of 1-2 cm, treated with propionic acid at an application rate of 2 l/tonne of fresh forage; maize with no additives served as the control. The additive was applied uniformly with constant mixing. The forage was then packed into glass laboratory-scale silos (2 l capacity) and sealed with agglutinant for each treatment. All silos were packed to a density of 600 g/l of fresh forage and stored at ambient temperature (20 to 27°C). Samples from three mini silos of each treatment were collected and analysed for chemical and microbial composition after 1, 2, 4, 8, 21, 56 and 91 d of ensiling. When silos were opened on d 91, the maize silage was analysed for pH, temperature and total yeast counts after 24, 48, 96, 144, 192 and 240 h of exposure to air.
Yeasts were counted by the method described by Taylor and Kung (2001) , lactic, acetic, propionic and butyric acid concentrations were analysed by ion chromatography (ISC2500, Dionex, USA). Ammonia-N was estimated in water extracts by the phenol-hypochlorite procedure described by Weatherburn (1967) . Aerobic stability was defi ned as the number of hours the silage remained stable before rising more than 2°C above the ambient temperature.
The data were subjected to analysis of variance using the t-test of the Statistical Package for the Social Science (SPSS 11.0, SPSS, Inc., Chicago, IL). An α level of P<0.05 was deemed signifi cant.
RESULTS
Changes of the concentration of lactic acid and acetic acid and their ratio observed during silage fermentation are listed in Table 2 . The concentration of acetic acid was lower in the propionic acid treatment than in the control after 1, 2, 4, 8, 21, 56 and 91 d of ensiling (P<0.05), but the ratio of lactic to acetic acid was higher in this treatment (P<0.05). No signifi cant differences were observed in the concentration of lactic acid after 1, 2, 8, 21 and 91 d of ensiling (P>0.05).The change of the concentration of NH 3 -N was similar to that of acetic acid. Table 2 shows the changes of the concentration of total organic acid including and excluding the addition of propionic acid before ensiling. The concentration of total organic acid was signifi cantly lower in the propionic acid treatment than in the control (P<0.05), although no signifi cant differences occurred in the concentration of total organic acid that including the addition of propionic acid before ensiling after 2, 4, 8, 21, 56 and 91 d of ensiling (P>0.05). Treatment with propionic acid resulted in a relatively low pH of the fermentation process, which was lower than the control on the different observation days (P<0.05). Yeast could not be detected in the control on the fi rst day of the experiment (Figure 1 ), but multiplied rapidly between d 2 and 4 after ensiling. In the propionic acid treatment, large numbers of yeast were detected during the initial 2 days after ensiling but disappeared on d 21.
When silage was exposed to air, the change of pH and the number of yeasts in each treatment is shown in Figures 1 and 2 . There was no signifi cant change in pH within 48 h after the silage was exposed to air. But the pH increased rapidly after 48 h in the untreated silage. By contrast, the propionic acid treatment increased slowly. pH remained lower, acidic, 240 h after exposure to air. Yeast could be detected at 24 h but with slower growth than in untreated silage. The aerobic stability of maize silage treated with propionic acid and untreated silage were 48 and 88 h, respectively.
DISCUSSION
The ratio of lactic acid and acetic acid was higher in the propionic acid treatment than in the control. This shows that the addition of propionic acid may affect fermentation by infl uencing the dominant lactic acid bacteria during fermentation.
In our study, no signifi cant difference in lactic acid and total amount of organic acid on fermentation in treated and untreated silage was found, but the pH of the propionic acid treatment was signifi cantly lower than in the control. This may be contributed to the pH of acetic acid being higher than that of propionic acid at the same concentration.
The treatment with propionic acid all along had a lower concentration of acetic acid and NH 3 -N than the untreated silage during fermentation, suggesting that the addition of propionic acid maybe restrains fermentation by acetic acid bacteria and NH 3 -producing bacteria. Those substances are commonly considered to have a negative infl uence on silage fermentation (McDonald et al., 1991) . Ammonia itself does not adversely affect silage fermentation it is often included in silage additives as ammonium tetraformiate. However, increased ammonia N is an indication of poor fermentation.
Large differences in the trend of yeast growth were observed between the control and propionic acid treatments. The addition of propionic acid at the peak of fermentation could not inhibit yeast growth. This may be due to propionic acid increasing the osmotic pressure, and as a result, the respiration of plant cells was reduced. This prolonged oxygen environment allowed the multiplication of yeast after packing in the silo. The added propionic acid was not enough to inhibit the growth of yeast at this stage. But with the accumulation of organic acids and pH decline, the growth of yeast gradually stopped. After 8 days of ensiling, the yeast counts declined signifi cantly in the propionic acid treatment, possibly due to undissociated propionic acid being responsible for the antifungal properties of this acid. The ratio of undissociated (COOH) to dissociated (COO-) acid is highly dependent on pH (Lambert and Stratford, 1999) . At the same time there was no signifi cant difference of the amount of lactic acid and total organic acid between the treated and untreated silages.
Yeasts are the most frequent initiators of heating in silages. The opening of a silo can aid the yeast at rest to multiply and decompose lactic acid, release heat and cause rapid spoilage of silage (Woolford, 1990) . This study showed that the addition of propionic acid inhibited yeast growth and delayed the increase in pH after exposure of maize silage to air. Despite the limited application rate, the aerobic stability of the propionic acid treatment was enhanced by 40 h. This is similar to the result described by Kung et al. (1998) .
CONCLUSIONS
The addition of a low rate propionic acid infl uenced the ratio of organic acids, reduced the NH 3 -N concentration and pH during fermentation and improved the aerobic stability of maize silage. It also accelerated yeast multiplication at the early stage of fermentation but restricted it at the late stage.
